Leptin plays an important role in reproductive function. In patients with acute anorexia nervosa, serum leptin levels have repeatedly been shown to be lower than in age-matched controls. We have previously hypothesized that the amenorrhea characteristic of anorexia nervosa is related to this low leptin secretion. In an attempt to address this hypothesis, serum levels of leptin and follicle stimulating hormone (FSH) and luteinizing hormone (LH) of 16 female inpatients with anorexia nervosa or an eating disorder not otherwise specified (atypical anorexia nervosa) were measured on a biweekly basis during weight gain. We hypothesized that a serum leptin level of 1.85 g L −1 would be associated with gonadotropin levels at or above the minimal level observed during the menstrual cycle in healthy adult fertile females. Our results revealed that increments of LH levels generally tracked increments of leptin levels during the first weeks of treatment. Similarly, in those patients with low referral leptin levels, FSH initially also tracked leptin levels. In contrast, a relationship between gonadotropin levels and leptin secretion was no longer discernible after LH and FSH levels had peaked. Those patients with exceedingly low leptin levels upon admission revealed a slow increase of gonadotropin levels. Our hypothesis of a threshold leptin level of 1.85 g L −1 was supported for LH only.
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The first hint of leptin's important role in fertility became evident upon reproductive rescue of female ob/ob mice treated with exogenous leptin.
1 Young wild-type mice treated with leptin reproduce earlier than non-treated animals. 2 Leptin also blunts the response of the reproductive axis to starvation; both levels of luteinizing hormone (LH) and follicle stimulating hormone (FSH) do not drop to levels characteristic of semi-starvation, if food-deprived mice are injected with leptin. 3 In in vitro studies leptin produced a dose-related increase in FSH and LH in hemi-anterior pituitaries. Low doses of leptin produced increases in secretion of LH-releasing hormone (LH-RH) upon incubation of median eminence-arcuate nuclear explants from male rats. 4 In ovariectomized female rats plasma LH, but not FSH levels, increased after intraventricular application of leptin. 4 Leptin acts both at the hypothalamic and pituitary level to stimulate nitric oxide release which in turn mediates LH-RH or LH release, respectively. 5 In humans leptin might be the mediator between the adipose tissue and the central events underlying menarche and maintenance of reproductive function. Indeed, a leptin threshold level for initiation of reproductive ability in women has been suggested. 6 In girls leptin levels increase during puberty, 7, 8 leptin increments are followed by increments of FSH and later by LH and estradiol. 8 Leptin possibly regulates the minute-to-minute oscillations in the levels of LH and estradiol. 9 Mutations in both the leptin gene and the leptin receptor gene are associated with primary amenorrhea in females. 10, 11 In postmenarcheal females, secondary amenorrhea has been found to be associated with plasma leptin levels below 3 g L −1 and an absent diurnal rhythm of leptin secretion. 12, 13 In our own studies performed with a sensitive radioimmunoassay, 7 a leptin level of 1.85 g L −1 predicted both past and present episodes of amenorrhea in a study group of underweight female students, 14 whose leptin levels were predicted by both the degree of restrained eating and a history of weight loss. 15 Leptin levels in female adolescents with acute AN were below this level of 1.85 g L , whereas most patients with bulimia nervosa had higher leptin levels. 14, 16 In this study we explore the relationship between leptin and LH and FSH secretion, respectively, in 14 patients with AN and in two patients with an eating disorder not otherwise specified (atypical anorexia nervosa) at referral for inpatient treatment and during therapeutically induced weight gain. Based on our previous results, 14 we hypothesized that a serum leptin level of 1.85 g L −1 would be associated with LH and FSH levels at or above the minimal level observed during the menstrual cycle in healthy adult fertile females. Similar to our previous reports, 14, 16 leptin levels at referral were Յ1.92 g L −1 (mean 0.69 ± 0.63; range 0.04-1.92). BMIs and % body fat initially ranged from 11.9 to 17.4 kg m −2 (mean 14.3 ± 1.5) and from 5.1 to 21.6 (mean 14.2 ± 5.9), respectively. At referral serum levels of LH and FSH ranged from 0.01 to 1.2 mIU ml −1 (mean 0.30 ± 0.31) and from 0.01 to 7.5 mIU ml −1 (mean 2.00 ± 2.25), respectively. Thus, LH levels were under the minimal level (0.8 mIU ml ) of the reference range of the respective ELISA in 15 out of the 16 patients. In contrast, initial FSH levels of only eight patients were below the minimal normal level of 1.6 mIU ml −1 . Correlations between initial log 10 leptin levels and LH and FSH levels at referral were 0.54 and 0.59, respectively (P-values Ͻ0.05). BMI and % body fat were not correlated (r = 0.04 and r = 0.07, respectively) with the initial LH level (P-values Ͼ0.15). The FSH level at referral was correlated with BMI (r = 0.51; PϽ0.05), but not with % body fat (r = 0.24, P = 0.37).
Therapeutically induced weight gain led to increments of BMI, % body fat, log 10 leptin, LH and FSH (all P-values Ͻ0.0005) between referral and discharge. As reported previously, 16 ; range 2.79-14.6) were high in comparison to BMI-matched controls (data not shown). These peaks were reached after a median of 16.5 weeks. Mean peak concentrations for LH and FSH were 5.26 ± 5.22 mIU ml −1 (range: 0.6-23.1) and 5.85 ± 1.78 mIU ml −1 (range: 2.7-9.4), respectively. These peak concentrations were reached after a median of 16 and 11 weeks, respectively.
Figures 1-5 illustrate the temporal relationship over a time period of Ն16 weeks for the increments of the five measured variables in five patients who serve to document the full range of patterns observed in all 16 patients during inpatient treatment and in single cases after discharge. The variability of the individual courses is readily apparent. Premenarcheal patients (n = 4; aged 12-14 years) did not show a pattern consistently different from patients with secondary amenorrhea. At a descriptive level increments of LH levels generally tracked increments of leptin levels during the first weeks of treatment (Figures 2-4) . Similarly, in those patients with low referral leptin levels, FSH initially also tracked leptin levels. In contrast, a relationship between gonadotropin levels and leptin secretion was no longer discernible after LH and FSH levels had peaked (eg Figures 3 and 4) .
The three patients with the lowest leptin levels at referral (Ͻ0.01 g L −1 ) serve to illustrate an extreme group of females in whom the delay between the increase in leptin secretion and the increments of both LH and FSH was pronounced. Thus, in these patients both LH and FSH levels were still low despite achievement of high leptin levels upon weight gain after several weeks of treatment. These patients all had referral BMIs Ͻ13.2 kg m −2
; their initial percent body fat was Ͻ8.5. Only a single additional patient with a referral leptin level of 0.98 g L −1 and without a pronounced reduction of gonadotropin levels had both BMI and percent body fat below these respective values. We conclude that normalization of gonadotropin secretion takes considerably longer in those patients who initially have very low leptin levels.
In the light of the intraindividual variability observed, we attempted to investigate the relationships between leptin and FSH and LH secretion, respectively, by statistical approaches. This modelling should be helpful for future research in this area. However, upon attainment of higher case numbers, analyses using different subgroups appear more appropriate. For the purpose of this study we assumed that a critical leptin threshold for the reproductive axis exists. If leptin levels are below this hypothesized threshold, gonadotropin levels should be below the reference range. Leptin levels above the critical threshold would lead to gonadotropin levels within the reference range, thus representing the initial signal in the ensuing cascade that (re)establishes reproductive function. However, once leptin secretion exceeds the threshold level required to trigger this cascade, leptin levels should no , percent body fat Ͻ8.5 and a leptin level Ͻ0.1 g L −1 upon referral. In this patient LH and FSH increments did not set in until after week 10 despite considerable weight gain, increase in percent body fat and an ensuing high leptin secretion. At week 16 the LH level was still below the reference range.
longer bear a systematic relationship to LH or FSH levels.
Accordingly, because we expect a monotone instead of a linear relationship, classical pooled intraclass correlations are not adequate to analyze the assumed relationship. Therefore, we analyzed the relationship with a simple and readily testable hypothesis: once the gonadotropin levels are within the reference range, leptin levels have surpassed the critical level of 1.85 g L −1
. We equated the postulated threshold value with this leptin level because of our own aforementioned results obtained in independent study groups. 14 Furthermore, we chose the minimal levels of the reference ranges for both LH (0.8 mIU ml at the time when this LH level was initially reached or surpassed (binomial test: nominal P = 0.018; corrected P = 0.036). However, the same leptin level showed no systematic relationship to the FSH level of 1.6 mIU ml −1 (nominal P = 0.75; corrected P = 1). Thus, 12 out of the 16 patients reached an FSH level Ն1.6 mIU ml −1 despite the fact that leptin levels were still below 1.85 g L −1 . This partially reflects the fact that FSH levels in eight patients were already ) at referral. FSH secretion rises within the first weeks and is followed by an increase of LH secretion. The patient had a bleeding episode during week 21 of inpatient treatment. ), which seemingly had no effect on FSH and LH secretion, which peaked at weeks 10 and 14, respectively. greater than 1.6 mIU ml −1 at initiation of treatment. We conclude that the leptin level of 1.85 g L −1 seemingly serves as a threshold for LH secretion only. Possibly, a lower leptin threshold exists for FSH secretion.
Caveats of our study include the biweekly sampling procedure, the low case number and our inability to address diurnal and ultradian rhythmic secretion of the investigated hormones. Nevertheless, our longitudinal study design has proven useful for an analysis of the relationship between leptin and gonadotropin secretion in patients with AN during weight gain. Further studies are clearly warranted to verify the threshold leptin value of 1.85 g L −1 for LH, to determine if a threshold for FSH secretion can be calculated, to understand the role of leptin in the initiation of secondary amenorrhea in patients with AN and finally to understand the mechanisms relevant for the return of menstrual function in these patients once leptin levels ) upon referral. Both FSH and LH levels increase systematically during the first 4 weeks. Thereafter, no relationship to leptin secretion is evident except for the final levels, which stem from a blood sampling 5 weeks after discharge from inpatient treatment. The patient had lost a weight of 3 kg; both leptin and LH levels dropped. The patient reported a single bleeding episode 1 week after discharge.
Figure 5
Serum leptin, LH and FSH levels in a 17-year-old postmenarcheal female with anorexia nervosa of the binge eating/purging type during therapeutically induced weight gain. Both FSH and LH secretion intermediately drops to almost undetectable levels. Peaks in leptin secretion are accompanied by peaks in gonadotropin levels. This patient was known for her manipulative behavior. Unallowed drinking of water to manipulate body weight presumably underlies the considerable variation of percent body fat as measured by bioelectric impedance.
have passed the assumed threshold. Patients with exceedingly low leptin levels represent a distinct subgroup because their gonadotropin levels respond to the increased leptin secretion only after a considerable time lag.
Materials and methods
Fourteen patients with a DSM-IV diagnosis of AN (13 of the restricting type and one of the binge eating/purging type) and two patients with a DSM-IV diagnosis of an eating disorder not otherwise specified (EDNOS) who did not fulfill the second DSM-IV criterion for AN were included in this study. Diagnoses were based on the revised module for eating disorders (kindly provided by Professor Wittchen, Munich) of the Composite International Diagnostic Interview. 17 The patients' mean age at referral for inpatient treatment was 15 ± 1.8 (s.d.) years (range [12] [13] [14] [15] [16] [17] [18] . The mean BMI at referral was 14.3 ± 1.5 kg m −2 (range 11.9-17.4). The mean duration of the eating disorder prior to referral was 13 ± 16.5 months (range 2-60). Four patients were premenarcheal. In postmenarcheal females amenorrhea had lasted for an average of 9.9 ± 13.8 months (range 3-48).
Patients were treated as described previously. 16 For the purpose of this study patients were longitudinally assessed for a minimum of 12 weeks during inpatient treatment (mean: 21.1 ± 8.1 weeks, range 12-39). Body height and weight were measured at referral; weight was subsequently measured at least weekly. Bioelectrical impedance measurements (Data-Input; 2000-S) and bloodsampling were performed at 8.00-8.30 am after an overnight fast upon referral and subsequently biweekly and concomitantly to the anthropometric measurements during inpatient treatment. At single time points patients were not available for a variety of reasons including short-term discharges during inpatient treatment. Seven of the 16 patients were followed up as outpatients after discharge.
Serum leptin levels were determined as described previously. 7, 16 Serum LH and FSH levels were measured using the SR1-EIA-analyzer (Biochem Immuno Systems, Freiburg, Germany); the standard curves cover the range of 1-150 and 200 mIU ml , respectively, with intra-and interassay CV values less than 6%. Low levels (Ͻ1 mIU ml −1 for FSH and Ͻ0.05 mIU ml −1 for LH) were linearly extrapolated. The lower limits of detection for FSH and LH are 0.2 and 0.05 mIU ml −1 , respectively; the inter/intra assay CVvalues are 4% up to 90% (FSH) and 30% (LH) at decreasing levels. The references ranges for FSH and LH in healthy premenopausal females are 1.6-12.2 mIU ml −1 and 0.8-15.3 mIU ml −1 , respectively. This study was approved by the Ethics Committee of the University of Marburg. Written informed consent was obtained from the patients or in the case of minors, their parents.
The exact two-sided one sample bionomial test was applied to investigate whether leptin levels had surpassed the hypothesized threshold of 1.85 g L −1 at the time when LH and FSH levels reached the reference ranges of 0.8 mIU ml −1 and 1.6 mIU ml −1 , respectively. These statistical tests are not affected by the higher intra/inter assay variations of FSH and LH for inpatients with very low gonadotropin levels (Ͻ0.5 mIU ml −1 for LH and Ͻ1 mIU ml −1 for FSH). The t-test for dependent samples was used to assess increments of BMI, % body fat, log 10 leptin, LH and FSH between referral and discharge, because the Lilliefors 18 statistic did not reveal deviations from normality for the variables that were used for testing. Pearson correlation coefficients and the corresponding test statistics were calculated to analyze associations at referral. Adjustments for the two statistical tests of primary interest performed in this paper were done according to Bonferroni.
